Abstract: Secondary porosity in the Upper Triassic Xujiahe tight sandstone of the western Sichuan Basin is mainly the product of feldspar dissolution. In the Xu-4 Member, the upper reservoir of the Xujiahe Formation, feldspars are dissolved to a significant extent and observations indicate that nearly all feldspars have been dissolved completely, with only 1.73% content of feldspar remaining. In the Xu-2 Member, the lower reservoir, feldspars are well preserved; the current content of feldspar is 12.54% on average, and the secondary porosity derived from feldspar dissolution is less than 1%. Kaolinite occurs almost exclusively in the Xu-4, but it is nearly absent in the Xu-2. The K + content in the Xu-2 is 3.3 times higher than that in Xu-4. The K + /H + ratio in the Xu-2 is also higher than that in the Xu-4. These differences between the two reservoirs can be attributed to their distinguishing fluid-rock systems. transformed into illite. Therefore, in contrast to the Xu-2 tight sandstone, the Xu-4 sandstone has relatively higher secondary porosity, which favours the formation of better quality reservoirs.
are the result of intensive fluid-rock interaction in an open fluid-rock system. The upper Xu-4 is close to the overlying coal-measures of the Xu-5 from which organic acid flowed into the Xu-4. Meanwhile, K + contained in sandstone migrated out to the mudstones. The resulting low K + /H + ratio in the formation water of the Xu-4 was responsible for almost all the feldspar dissolution and kaolinite formation. In contrast, due to the relatively closed fluid-rock system in the Xu-2, K + did not migrate into adjacent rocks and acidic fluids did not invade, which led to K + -rich formation waters maintaining a high K + /H + ratio. Hence, Kfeldspar was well preserved and kaolinite was completely
Introduction
The definition of fluid-rock interaction (or water-rock interaction, as it is often known) encompasses fluid interaction with all forms of subsurface materials [1] . Studies of fluidrock interactions of petroleum-bearing reservoirs mainly focus on geochemical interactions during diagenetic processes that not only produce or destroy the storage space of hydrocarbons, but also influence their thermal evolution and migration [2] [3] [4] . The interactions involve flow, heat transfer, transport, and chemical reactions. Based on the principle of thermodynamic equilibrium between the formation fluid and reactive minerals, thermo-hydraulicchemical experiments and simulation provide an insight into the processes of mineral dissolution and precipitation [5] [6] [7] [8] [9] [10] [11] . The recent profusion of microscopic characterization methods applicable to geological materials suggests that we now have an unprecedented ability to consider geochemical processes at the pore scale [12] , one product of which is secondary porosity. It has been verified that at least one-third of the pore space in sandstones that contain oil and gas is formed during diagenesis [13] . The majority of secondary pores in detrital rocks are related to the dissolution of aluminosilicate minerals (e.g., feldspar). Dissolution of minerals is a complex process involving various other chemical reactions, such as the precipitation of authigenic minerals, which is relevant to the dissolution of feldspar in feldspathic rocks [14] . As exploration targets move to deeper basins (more than 4000 m), secondary pores play a more important role for trapping hydrocarbons. Thus, more and more studies focus on the role, nature, and evolution of deep fluids [2, 3, 12] . The setting is defined as an open or closed system depending upon whether or not fluids flow in and out. In addition to the material components of the system, the kinetics of geochemical interactions (dissolution and precipitation) is of central importance to understanding the long-term evolution of fluid flows in crustal environments. Examples of thermal convection in a porous medium with spatially variable permeability reveal features of central importance to water-rock interaction [5] . Many experiments have been successfully conducted on feldspar dissolution in in-situ geologic conditions [10, [15] [16] [17] [18] [19] [20] [21] . Several chemical reaction models have been proposed to describe its fluidrock interaction, one of which suggests that quartz cementation is the result of internal feldspar dissolution inside a closed system, thus a closed system may not increase porosity due to the trade-off effect between feldspar dissolution and quartz precipitation [19, 22] . In the western Sichuan Basin (Figure 1 ), the Xujiahe reservoirs are characterized by deep burial and high geopaleotemperature [23] [24] [25] [26] . The sandstone is tight with very low porosity and low permeability. To better understand the tight reservoirs of the Xujiahe Formation, which are gas-and water-bearing, many researchers have discussed densification, pore evolution [27] [28] [29] [30] [31] [32] [33] [34] , and the origin of formation waters [29, 35, 36] . The nature of the generation mechanism of the pores remains unclear, as does the role of formation water in that process. Our microscopic observations reveal that the tight gas reservoirs in the Xujiahe Formation are largely dependent on secondary porosity, which is closely related to feldspar dissolution. In deeply buried tight sandstone, some feldspars (e.g. anorthite) were dissolved during a period of eodiagenesis to generate secondary porosity, although it could not be preserved; only secondary pores generated during the later diagenetic period can enhance the quality of the reservoir [14] . Thus, the timing and mechanism of the dissolution of the feldspars depend on the fluid-rock interaction during diagenesis. This study presents a case study of an investigation into the formation mechanisms of secondary porosity in two relative tight sandstone gas-bearing reservoirs in the Xujiahe Formation. Using visual inspection of thin sections, cathodoluminescence, X-ray diffraction, and scanning electron microscopy analytical techniques, we establish the role played by feldspar dissolution and the K + /H + ratio of the formation waters in the development of secondary porosity in this sandstone unit. Further, we use deuterium and δ 18 O ratios to establish the migration history of formation waters through the Xujiahe Formation. We believe that our study makes a significant contribution to the literature because we quantify the degree of feldspar dissolution and illitization undergone by the Xu-2 and Xu-4 members of the Xujiahe Formation and demonstrate that the diagenetic processes were very different for the closed and open (Xu-4) fluid-rock interaction systems.
Geological setting
The Sichuan Basin is a foreland basin, located in the western margin of the South China Block. To the northwest, it is separated from the Mesozoic-Cenozoic Eastern Tibetan Plateau by the Longmenshan thrust fold belt [37] . It is bounded to the northeast by the Mesozoic-Cenozoic Qinling Orogen [38] , which forms the boundary with the North China Block. To the southeast, the basin is edged by the later Early Paleozoic Xufeng intracontinental orogen, and its southwestern limit is the later Early Paleozoic Qianzhong-Kangdian terrane-scale craton [39] [40] [41] . The western depression with 4×10 4 km 2 , which is bounded by the Anxian-Dujiangyan Fault in the northwest, and by the Longquanshan-Nanjiang in the southeast, belongs to the foredeep unit of the Longmenshan Foreland Basin system [23] (Figure 1 ). The Longmenshan foreland basin developed as a flexural foredeep during the Late Triassic Indosinian orogeny superimposed on the Palaeozoic-Middle Triassic (Anisian) carbonate-dominated margin of the South China Block [42] [43] [44] [45] [46] . The fill, including the Xiaotangzi Formation, Maantang Formation, and Xujiahe Formation of the Upper Triassic foreland basin, can be divided into three tectonostratigraphic units overlying a basal megasequence boundary. Unit 1 records the establishment and drowning of a distal margin carbonate ramp and reef build-up, deepening into offshore marine muds, followed by progradation of marginal marine siliciclastics. Unit 2 is marked by the severing of the basin's oceanic connection, a major lake flooding, and the gradual establishment of major deltaic-paralic systems that prograded from the eroding Longmenshan Orogeny. Unit 3 is typified by coarse, proximal conglomerates, commonly truncating underlying rocks, which fine upwards into lacustrine shales [46] . The Xujiahe Formation is composed of sandstone, mudstone, black shale, siltstone, conglomerate, and coal, found in the upper part of Unit 1 and Unit 2 ( Figure 2 ). It is partitioned into six members namely (from the bottom) the Xu-1, Xu-2, Xu-3, Xu-4, Xu-5, and Xu-6. The Xu-1, Xu-3, and Xu-5 are source rocks; gas-bearing reservoirs occur of the Xu-2 and Xu-4. The burial depth of the Xu-4 interval is around 3100-4150m, and the Xu-2 interval is about 4500-5300m.
Samples and methods
Thirty-seven rock samples were collected from cored borehole intervals; 25 of them were tested using thin-section observations, cathode luminescence (CL), X-ray diffraction (XRD), and scanning electron microscopy (SEM); 12 of them underwent organic geochemistry tests. Thirty-seven samples of formation water from boreholes were tested for ionic content, and deuterium and oxygen isotope analysis. The microscopic observation of thin-sections was carried out using a Leitz microscope to identify the minerals and volume fraction of each component. XRD analysis was conducted using an X'pert Pro powder X-ray diffractometer in the laboratory of the Institute of Exploration & Development of PetroChina Southwest Oil & Gas Field Company. The CL analysis was done using a CL8200MK5 CL instrument manufactured by Cambridge Instrument Co., Ltd that was equipped with a Leica polarizing microscope; the electron beam voltage was 12 kV and the beam current was 300 µA. SEM was performed using a JSM-5500LV scanning electron microscope equipped with a QUANTAX400 X-ray spectrometer in the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology under the following conditions: temperature 20 ∘ C, humidity 50%, maximum magnification of up to 300 000 times. The ionic molarity of the formation waters which collected procedurally from boreholes were tested in the laboratory of the Institute of Exploration & Development of All the source rock samples were analysed for three quantities: Total Organic Content (TOC), Vitrinite Reflectance (Ro), and Organic Matter Type (OMT) in the laboratory of the Institute of Sinopec Wuxi Experimental Geology. TOC was determined using a US CE-440 organic element analyser, with an accuracy of 0.1%. Ro was established using a Leica DM 4 P & MSP9000C professional coal reflectance analyser, with an accuracy of 0.2%. OMT was established using a Zeiss MY5000 automatic digital coal microscopic analyser, giving over 1000 effective statistical points for each sample, with an accuracy of 2%.
Results

Organic geochemistry of the source rock
The source rock of the Xujiahe Formation is mainly a unit of black and dark grey shale in the western Sichuan Depression, with TOC of between 1.02 to 4.95%. The OMT is predominantly type II and type III kerogen, with high maturity (Ro from 1.19 to 2.49%) ( Table 1) . Combining the previous literature, the relationship between reservoir diagenesis and the thermal evolution of organic matter indicates that the dissolution happened during the release of organic acid [47] . The hydrocarbon generation and expulsion history of source rocks and reservoir fluid inclusion characteristics show that the charge of natural gas occurs in the Middle Jurassic-Early Cretaceous (mainly Early Cretaceous), and that the Xujiahe sandstone reservoir ex- 
Formation water
The total salinity of Xu-2 formation water is between 16 360 and 121 800 mg/l, with an average of 86 600 mg/l, and the K+ content is between 188 and 1930 mg/l, with an average of 1 160 mg/l ( Table 2 ). The total salinity of Xu-4 formation water is between 39 660 and 91 990 mg/l, with an average value of 72 260 mg/l, and the K+ content is between 80 and 800 mg/l, with an average value of 350 mg/l ( Table 3 ). The Xu-2 formation water has a higher K + content, being 3.3 times of that in the Xu-4 formation water. The Xu-2 formation water also has a higher K + /H + ratio (6.53 on average) than the Xu-4 (5.62 on average).
Clay minerals
Analysis by optical and scanning electron microscopy indicates that the authigenic illites of the Xujiahe Formation in the study area mainly occur in the inner portion of dissolved aluminosilicates, such as feldspars, in shape of latticed, flaky, and fibrous structure (Figures 3a, 3d, 3e ). Vermicular diagenetic kaolinites infilling pores of reservoir sandstone have a hexagonal morphology, often associated with feldspar dissolution (Figures 3b, 3c ). Some kaolinites with fibrous tails indicate illitization on the crystallized kaolinites ( Figure 3f ). The Xu-4 Member has 6.14% content of clay minerals on average, whereas the Xu-2 Member has 5.15% content of clay minerals on average (Table 5 ). Authigenic kaolinite mainly occurs within a limited depth interval at the Xu-4, mostly in the upper portion of the Xu-4; however, it is almost entirely absent from the Xu-2 Member (Figure 4 ). 
Feldspar dissolution
The statistical results of point count data of thin sections show that the volume fractions of quartz in the Xu-2 Member are distributed between 34% and 68%, with an average value of 58.3%. The volume fractions of feldspar are distributed between 7% and 25%, with an average of 13.7%. The volume fractions of rock debris are between 10.2% and 26%, with an average of 18.8%. In contrast, the volume fractions of quartz in the Xu-4 Member are distributed between 56.7% and 77.5%, with an average of 67.1%. The feldspar contents are distributed between 0% and 9.5%, with an average of 1.7%. The debris fraction is between 8.8% and 30%, with an average of 17.9%. It is clear that the contents of feldspar in the Xu-2 and Xu-4 reservoir sandstones are significantly different (Table 4 ). There is a negative correlation between the feldspar content and porosity and a positive correlation between the clay and porosity of the reservoir sandstone, which suggests that porosity may depend on secondary pores derived from the dissolution of feldspar and the related-chemical transformation of clay minerals (Table 4 ). According to CL results which can recognize the relict grains of the residual feldspar (Figures 5a,  b) , the original feldspar content of the Xu-4 reservoir sandstone might have exceeded 6% of volume fractions, while the present content is only 1.73% on average. This means that around 70% of the original feldspars have been dissolved. In contrast, the feldspar content in the Xu-2 Member is 13.68% on average and nearly all the feldspars are preserved completely (Figure 5a ). The few feldspars that dissolved were mainly at the top of the Xu-2 Member, close to mudstones or fractures (Figure 5b ).
Discussion
Deuterium and oxygen isotopes of the formation water and fluid-rock interaction systems
Deuterium and oxygen isotopes of meteoric water vary, depending on climate, temperature and geographic settings, but when cross-plotted their data points fall in an approximately straight line known as the 'meteoric water line'. Due to the effect of isotopic fractionation in the diagenetic process of fluid-rock interaction, composition of oxygen isotope changes markedly. Hence, the composition of oxygen isotope of the geo-fluid can reflect the degree of waterrock interaction [48, 49] . In contrast, the values of δ 18 O
and δD of marine formation waters (data from T 1 and T 2 ) are obviously higher, and are distinct from meteoric waters on the cross-plot. Most data of the Xu-2, Xu-4, and Jurassic formation waters from the western Sichuan Basin mainly plot near the meteoric water line, with a linear relationship. This indicates that the Xujiahe formation water was strongly influenced by meteoric water (Figure 6 ), but not was affected by the formation water present in underlying geological marine strata. The Xu-4 formation water has higher δ 18 O values than that of the Xu-2 Member, and has four positive δ 18 O values (Fenggu 1, Xin 884, Xin 10 and Xin 21-1H) ( Figure 6 ). In general, the longer formation waters have been buried, the heavier their oxygen isotopes become. But in this study, the formation water of the overlying Xu-4 Member has more heavy oxygen isotopes than does that in the lower Xu-2 Member. This abnormal phenomenon suggests that water-rock interactions in the Xu-4 sandstone are more active than those in the Xu-2. In a closed fluid-rock system, the compositions of oxygen isotopes of the formation water, cement, and rock depend on the molar fractions of the fluid and rock and the burial temperature. There are two extreme conditions: one is that if the mole fraction of formation fluid is equal to zero, the δ 18 O value of cement reflects the value of the matrix rock; the other is that if the mole fraction is equal to 1, the δ 18 O value of the cement is determined by the δ 
K + enrichment and loss in diagenetic fluid
The data points of Cl-Na-K of the Xu-2 formation water in cross-plots are mainly located near the seawater line, which indicates that the K + content in the Xu-2 fluid is similar to that of seawater with higher salinity (Figure 7 ). In contrast, the Xu-4 formation water shows obvious K + loss and, with an increase of Cl − and Na + contents, the K + content basically remains unchanged and is consistently far below the normal seawater line (Figure 7) . In addition to the concentration of the original source water, the K + enrichment of formation fluid is also influenced by the dissolution of potassium feldspar and the invasion of potassium-rich fluid; whereas, the loss of K + is mainly related to the illitization of clay minerals and ion discharge from the system. In the high-salinity formation waters of the Xu-2 Member, deuterium and oxygen isotopes have similar properties to those in meteoric waters and differ greatly from the underlying fluids in the Middle Triassic strata (Figure 7) , which means that underlying marine potassium-rich fluid would not intrude into the Xu-2. Therefore, K + -rich fluid in the Xu-2 may be attributed to the 
Feldspar dissolution and clay formation
It is well known that a low K + /H + ratio and low activity of silica facilitate the dissolution of feldspar [54] . In a marine clastic sedimentary environment, it is possible to preserve feldspar at the initial stage of diagenesis because seawater is relatively saturated with K + . But in the setting of meteoric water (with low K + /H + ratio), feldspar is altered to produce kaolinite [55] . There are various hypotheses about the origin of kaolinite. A widely held view is that kaolinite is generated by the reaction of feldspar or muscovite in meteoric water or other acidic fluids (e.g. oxalic acid) at lowtemperatures (reactions (1) to (3)), which is often related to an unconformable boundary. According to thermodynamic calculations, more Kfeldspar can be preserved in a buried setting, especially in coal-bearing geological stratum [14] . For kaolinite produced by K-feldspar dissolution (reaction (1)), this process will continue as long as K + is continuously removed.
Kaolinite can also transform into illite through the following reaction (reaction (4) In an open fluid-rock system, if H + -rich fluid (e.g. oxalic acid) enters the formation water, the energy threshold of illitization of kaolinite will be raised. This chemical Figure 8 : Fluid-rock interaction patterns for major aluminosilicate minerals in the Member Xu-2 and Xu-4, the western Sichuan Basin (modified from [55] ). equation will not proceed unless H + is consumed [55] . In this case, reservoirs close to source rocks would be charged H + -rich fluids, so any kaolinite that they contain tends to be preserved. Otherwise, if K + -rich fluid is provided, the kinetic barrier of chemical reaction (4) will be reduced by the extra K + . Therefore, K + -rich fluid entering the system is favourable for the illitization of kaolinite. In a closed fluid-rock system, the K + derived from the dissolved potassium feldspar is the only source of potassium needed for the precipitation of illite, so the amount of K-feldspar of the skeleton particle determines the relative amounts of illite and kaolinite in the system. Reactions
(1) and (4) can be merged as follows.
Reaction (5) depends on K + /H + activity ratio of the formation water which controls the process of illitization. A higher K + /H + activity ratio can reduce the energy threshold of illitization. The dissolution of feldspar and the illitization of kaolinite (smectite) often occurs in the same interval, because K + produced from potassium feldspar dissolution in sandstone can induce kaolinite (smectite) of neighbouring mudstones to transform into illite [55, 56] . Therefore, the degree of feldspar dissolution is influenced by the thermodynamics involved ion production (K + ) and the related-illitization in a closed fluid rock system. Why do the reservior quality of the Xu-2 and Xu-4 members occurring differently. A dominated factor is that they underwent diagenetic process in different fluid-rock interaction systems (Table 5) .
The upper of the Xu-4 Member is close to the overlying coal-measures of the Xu-5, into which the acidic fluid migrated easily [26] and would raise the H + content of the formation water of the Xu-4. Moreover, K + generated by the dissolution of feldspar would move into neighbouring mudstone layers, and hence the K + content of the formation water of the Xu-4 would be reduced. The K + /H + ratio of the formation water was lowered by the two effects mentioned above. Thus, we concluded that the almost complete exhaustion of feldspar and preservation of kaolinite at the upper of the Xu-4 Member should be attributed to the intrusion of acidic fluid and the migration of K + , which produced a low K + /H + ratio in the formation water, thereby preventing the illitization of kaolinite (Figure 8(3) ).
In the Xu-2 Member, which contains less mudstone and has a thick single-layer sandstone, K + -rich fluid derived from penecontemporaneous seawater was imprisoned in sandstone. In addition, because K + could not effectively migrate and consume in mudstone layers. Meanwhile, external H + could not readily enter sandstone to decrease the ratio of K + /H + ( Figure 9 ). This is consistent with the high K + content in the formation water of the Xu-2. In the case of a high K + /H + ratio, reaction (4) will continue until the transformation of kaolinite into illite is complete. Hence, kaolinite has been almost entirely altered, while feldspar has been preserved, in the sandstone of the Xu-2 Member (Figure 8(4) ).
In the bottom of the Xu-4, illite, instead of kaolinite, is associated with the dissolution record of feldspar. In another words, K-feldspar and kaolinite nearly disappeared together. It is different from the upper of the Xu-4 Member in which feldspar was altered and kaolinite was preserved due to the low K + /H + ratio that resulted from the influx of H + . It is also different from the Xu-2 which contained abundant initial K + . In this case, K + generated from the dissolution of feldspar and acidic fluid flew into the system finitely. The final state of K-feldspar and kaolinite will have depended on the molar ratio between them. When the ratio is equal to 1, K-feldspar would be completely altered, associated with the complete alteration of kaolinite into illite (Figure 8 system, kaolinite also can tend to transform into illite. Generally, it is believed that hydrocarbon migration may greatly inhibit illite formation. But an alternative view is that illitization would be more active after hydrocarbons invading in sandstone reservoirs, because the potassium ions are unable to escape from the pores once they are charged with hydrocarbons [56] . In this case, the degree and distribution of illitization would be a function of Kfeldspar content, kaolinite content, and K + activity (Figure 8(2) ).
If there is sufficient smectite content, the following reaction will also lead to feldspar dissolution and illitization (reaction (6) This is a spontaneous reaction with low energy consumption [55] that can move K + efficiently. So either Kfeldspar would dissolve until it disappears or all smectite has transformed into illite. In the study area, smectite is almost absent in Xujiahe sandstone. The content of illitesmectite is very low, which is unusual at this burial depth. Therefore, we infer that smectite was transformed into illite completely (Figure 8(1) ).
Conclusions
The Xu-2 and Xu-4 members of the Xujiahe Formation have different fluid-rock interaction systems. For the Xu-4, the low K + content of the formation water is attributed to the open fluid-rock system, and the high δ 18 O is the result of strong fluid-rock interaction. Because the top sandstone interval of the Xu-4 is close to the overlying coal-measures of the Xu-5, organic acid moves more easily into the neighbouring sandstone layer. Moreover, K + tends to migrate into an adjacent mudstone layer. These two factors resulted in a low K + /H + ratio, which is why feldspar dissolved completely and kaolinite is well preserved. Since K + is unable to migrate efficiently into adjacent formations (e.g. mudstone layers) in the relatively closed fluid-rock system of the Xu-2, K + -rich formation water preserved a high K + /H + activity ratio which blocked K-feldspar dissolution. Therefore a high K-feldspar content was widely preserved in the Xu-2 Member. In comparison with the Xu-2 tight sandstone, the Xu-4 sandstone has higher secondary porosity that is a product of the open fluid-rock reaction system, which is favourable to the formation of better quality reservoirs.
